Laser Micro-Structuring of Fused Silica Subsequent to Plasma-Induced Silicon Suboxide Generation and Hydrogen Implantation  by Hoffmeister, Jennifer et al.
 Physics Procedia  39 ( 2012 )  613 – 620 
1875-3892 © 2012 Published by Elsevier B.V. Selection and/or review under responsibility of Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2012.10.080 
LANE 2012 
Laser Micro-Structuring of Fused Silica Subsequent to 
Plasma-Induced Silicon Suboxide Generation and Hydrogen 
Implantation 
Jennifer Hoffmeister a, , Christoph Gerhardb,c, Stephan Brücknerb,c,  
Jürgen Ihlemannd, Stephan Wienekea and Wolfgang Viöla,c 
aHAWK - University of Applied Sciences and Arts, Laboratory of Laser and Plasma Technologies,  
Von-Ossietzky-Straße 99, 37085 Göttingen, Germany 
bClausthal University of Technology, Institute of Energy Research and Physical Technologies,  
Leibnizstraße 4, 38678 Clausthal-Zellerfeld, Germany 
cFraunhofer Institute for Surface Engineering and Thin Films, Application Center for Plasma and Photonic,  
Von-Ossietzky-Straße 99, 37085 Göttingen, Germany 
dLaser Laboratory Göttingen e.V., Hans-Adolf-Krebs-Weg 1, 37077 Göttingen, Germany 
 
Abstract  
A low-temperature atmospheric pressure plasma jet was used for chemical reduction of fused silica. For this purpose, 
a hydrogen-containing plasma was applied. A silicon suboxide layer was generated and hydrogen was implanted into 
the bulk material. Changes in stoichiometry, concentration of hydrogen and optical transmission were determined. An 
ArF excimer laser was used for the ablation of untreated and plasma-treated fused silica. The ablation threshold was 
significantly decreased by a factor of 4.6 in case of plasma treated substrates. Furthermore, in multi-pulse 
experiments, the ablation rate remained constant at least up to a depth of 10.5  
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1. Motivation  
Fused silica is an important material for semiconductors technology, UV-transparent optics and 
integrated optical components. For laser-based processing of this material, wavelengths from the UV to 
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the IR spectral range are used [1-3]. However, the high UV-transparency limits the possibilities of laser 
manufacturing. In addition to direct processing methods that require high energy densities on the substrate 
surface or UV-absorbing layers, further indirect methods are in hand as for example laser induced 
backside wet etching [4,5] and laser-induced plasma-assisted ablation [6]. Direct and indirect laser 
ablation can be performed on silicon suboxide (SiOx, where 1 < x < 2) layers that are deposited by pulsed 
laser deposition (PLD) [7] or by vacuum deposition on fused silica substrates [8]. When the suboxide 
layer is used for indirect ablation, its strong absorption is utilized for enhanced energy coupling into the 
substrate. As a result, ablation of UV-transparent fused silica is achieved [9]. In case of direct ablation, 
only the suboxide layer is ablated. After the ablation process, the suboxidal layer can be re-oxidised at 
temperatures around 1000°C [8]. The laser plasma hybrid technology described in the present work is 
based on the formation of a silicon suboxide layer in the near-surface region of fused silica substrates 
[10]. For this purpose, the fused silica is reduced to silicon suboxide by applying a forming gas plasma 
(10% hydrogen and 90% nitrogen). In contrast to the above-mentioned deposition techniques, the 
introduced plasma generates atomic hydrogen from the forming gas which directly generates a suboxide 
layer at the fused silica surface and additionally implants hydrogen into the bulk material. As plasma 
source, a low-temperature atmospheric pressure plasma jet is used. Beside an increased ablation rate, the 
required fluence threshold for laser ablation of plasma-treated fused silica is reduced significantly in 
comparison to untreated fused silica [11]. The presented method thus allows ablation of fused silica at 
lower laser energies, resulting in both an advanced ecological efficiency and costs reduction for 
production. Further advantages are the increase of ablation rates and diminution of chemical operating 
supply items compared to a number of other hybrid laser-based micro-structuring techniques. In 
comparison to lithographic processes, the ablation process is faster. In this context, the laser plasma 
hybrid technology enables a versatile processing since no complex procedures using etch masks etc. are 
required. 
2. Experimental setup and procedure 
Fused silica samples with a thickness of 2 mm were treated by a rf-excited potential-free atmospheric 
pressure plasma jet (1.1 MHz, 2-6 kVpp, input power 8 W). The plasma jet outlet was placed at a distance 
of 1 mm to the fused silica surface. For the plasma-treatment, the samples were moved by a xy-linear 
stage. A schematic of the setup for plasma-treatment is shown in figure 1. The fused silica samples were 
treated with forming gas 90/10, resulting in both a reduction of SiO2 to SiOx and the implantation of 
atomic hydrogen. The total processing rate was 10 mm²/h. The specific processing time at each point of 
the sample was varied from t = 0 to 15 minutes, in steps of one minute. After 5 and 15 minutes, 
transmission spectra in the wavelength range from 190 nm to 800 nm were measured using a 
UV/VIS/NIR spectrometer Lambda 19 from Perkin Elmer. Further, secondary ion mass spectroscopy 
(SIMS) measurements were performed by using a Quadrupol SIMS 4550. For restoring the initial optical 
properties, the plasma-treated samples were tempered at 1000°C in a tempering oven for 24 h and 48 h, 
respectively. By such tempering, the samples are re-oxidised to SiO2.  
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Fig. 1.  Schematic and functional principle of the setup for plasma-treatment of fused silica samples by using an atmospheric 
pressure plasma jet 
After a plasma-treatment of 15 minutes, the samples were ablated using an ArF-laser LPX 315 from 
Lambda Physik (  = 193 nm) with a pulse duration of  = 20 ns. The beam path used for this purpose was 
a mask projection as shown in figure 2, consisting of an iris diaphragm, two convex lenses (f1 = 750 mm 
and f2 = 100 mm) and a beam splitter. Two energy detector heads behind the sample (sample removed) 
and the beam splitter were used for measuring the laser energy during laser ablation. The iris aperture was 
set to a diameter D of 3 mm. This configuration results in ablation spots on the surface of 200 
treated samples were ablated at rear-side and front-side, respectively. As a reference, an untreated 
substrate was ablated.  
 
  
Fig. 2.  Subsequent front- and rear-side ablation of fused silica at 193 nm 
The ablation threshold was determined by applying single pulses with an increasing fluence onto the 
sample surface. In addition, subsequent series of tests were carried out by increasing the number of pulses 
at constant fluence. 
3. Results and Discussion 
Figure 3 shows the transmission T at a wavelength of 193 nm which is significantly reduced after 
plasma-treatment with forming gas. After a processing time t of 5 minutes, a transmission T of 
84.7% ± 1.7% was obtained. In comparison to an untreated fused silica sample, which was used as 
reference, the transmission is reduced by 4.4% ± 1.7%. For further plasma treatment of 10 minutes in 
duration, the transmission of the samples was decreased to 78.4% ± 3.9% which is 10.7% ± 3.9% lower 
than the transmission of an untreated sample. Such reduction in transmission is due to the formation of a 
suboxide layer and additional hydrogen implantation into the glass bulk material. Tempering at 1000°C 
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led to a transmission of 87.5% ± 2.9% after 24 hours. After 48 hours of tempering, the plasma-treated 
samples had regained a transmission of 87.9% ± 0.9% at a wavelength  = 193 nm. 
 
 
Fig. 3.  Transmission spectra of untreated, plasma-treated and tempered fused silica samples at 193 nm 
Plasma-treated samples were also investigated by SIMS. Here, the acceleration voltage of primary ions 
was adjusted to 5 kV. The occurring crater had a depth of d = 660 nm and an area of A = 0.0625 mm². 
Figure 4 shows the measured concentration of hydrogen within the first 700 nm of the bulk material. The 
linear fit-functions have been added for better clarification. In comparison to untreated substrates, the 
concentration of hydrogen of plasma-treated substrates was increased by 33% for the measured depth. 
Hydrogen strongly influences the characteristic parameters of glasses [12-15]. For instance, a hydrogen 
mass concentration of 0.001% changes the index of refraction by approx. 1·10-6. The hydrogen-induced 
effect can also be assumed to occur at a depth of several millimetres inside the bulk material because of 
the high diffusivity of atomic hydrogen [12]. Due to the implantation of hydrogen, the absorption-
coefficient is increased. Thus, the laser ablation threshold for plasma-treated substrates can be also 
reduced. 
 
 
Fig. 4.  Depth-dependent concentration of hydrogen of untreated and plasma-treated fused silica 
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Further, a modification of the near surface layer of fused silica is achieved by the plasma treatment. By 
SIMS measurements, a change in the surface stoichiometry was observed [16]. Figure 5 shows the 
measured stoichiometry ratio of silicon and oxygen determined at an acceleration voltage of primary ions 
of 1 kV. Here, the accelerating voltage of primary ions was reduced in order to increase the resolution to 
detect near-surface changes in stoichiometry. The behaviour in stoichiometry of the first 10 nm of the 
plasma-treated fused silica can be explained by surface contaminants and a certain depth required for 
obtaining a sputter equilibrium for all involved atomic species. At a depth of 10 nm, the stoichiometry 
decreases from 2.0 to 1.875. This indicates a silicon suboxide bonding. At increasing depth, the 
distribution of stoichiometry increases and approaches the stoichiometry of untreated fused silica at a 
depth of approx. 50 nm. 
 
 
Fig. 5.  Measured (dots) and fitted (solid line) stoichiometry ratio of silicon and oxygen of plasma-treated fused silica 
Both untreated and plasma-treated (15 min) fused silica samples were laser ablated under variations of 
the fluence. The ablation experiments were carried out at front-side and rear-side using single pulses. 
Figure 6 shows the front-side ablated spot of an untreated sample at a fluence of 6 J/cm². The isometric 
 
 
 
Fig. 6.  (a) Isometric presentation; (b) cross-section; (c) microscope image of a single pulse ablated spot on untreated fused silica at 
a fluence of 6 J/cm² 
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For laser ablation of plasma-treated substrates, the ablation threshold amounts to 1.3 J/cm² in the case 
of both, front-side and rear-side ablation. The rear-side ablation threshold of untreated fused silica could 
not be determined using the presented setup since front-side ablation took place simultaneously due to the 
energy density required for rear-side ablation of an untreated sample. 
 
The ablation threshold was reduced by a factor of 4.6 for plasma-treated substrates. Further, the peak-
to-valley height Rz was also reduced significantly. The ablation spot on the front-side of an untreated 
substrate features a Rz of 79.8 nm and 34.7 nm for the plasma-treated case. For the rear-side ablation spot, 
Rz was further reduced to 14.5 nm. At plasma-treated substrates, a smooth ablation spot, showing an 
accurate contour with a diameter D of approx. 200  was obtained (see figure 7). In contrast, the 
ablation spot size on untreated substrates shows smaller dimensions than the irradiated area. In addition, 
the surface of this spot features high porosity as shown in figure 6. 
 
 
Fig. 7.  (a) Isometric presentation; (b) cross-section; (c) microscope image of a single pulse rear-side ablated spot on plasma-treated 
fused silica at a fluence of 1.3 J/cm² 
After the determination of the ablation threshold for single pulse ablation, multi-pulse ablation was 
investigated. Here, multi-pulse rear-side ablation shows the best results. The ablation depths for rear-side 
ablation and the front-side ablation of plasma-treated substrates at different fluences are represented in 
figure 8.  
 
 
Fig. 8.  Ablation depth vs. number of pulses for different fluences of (a) rear-side single-pulse ablation and of (b) front-side 
ablation of plasma-treated fused silica 
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For rear-side ablation, the ablation depth is 10.5  J/cm². At 
1.3 J/cm², an ablation depth of 3.5 
fluence of 1.8 J/cm², the ablation depth is 8 
300 nm/pulse in the case of rear-side ablation. In comparison to an untreated fused silica substrate the 
ablation rate measured at the respective threshold fluence increases by a factor of 2. Over this whole 
depth range, the spot contour accuracy is maintained. In the case of front-side ablation, lower depths were 
achieved. For 35 pulses and a fluence of 2.4 J/cm², the depth is approx. 13-times lower (0.8  
The significant difference between both front-side and rear-side ablation can be partly explained by an 
attenuation of the incoming laser pulse by the inhomogeneous plume of debris. This effect only occurs in 
case of front-side irradiation.  Thus, high ablation depths could be achieved in the case of multi-pulse 
rear-side ablation as shown in figure 9. 
 
 
Fig. 9.  (a) Isometric presentation; (b) cross-section; (c) microscope image of a rear-side ablated spot on plasma-treated fused silica 
at a fluence of 1.8 J/cm² applying 35 pulses 
The high ablation depth in the micrometre range and the constant ablation rate over the whole depth 
range cannot be explained by a pure ablation mechanism caused by a suboxidal layer. However, it can be 
assumed that the hydrogen implantation increases the absorption of the substrate over a large depth range, 
allowing the high ablation depth and stable spot quality in the case of multi-pulse ablation. 
 
4. Conclusion 
It was shown that the presented method offers some advantages for the laser micro-structuring of fused 
silica. For laser plasma hybrid ablation, the ablation threshold was reduced by a factor of 4.6. The 
ablation rate per pulse measured at the respective threshold fluence increases by a factor of 2. The 
roughness of the ablated spots shows a significantly reduced peak-to-valley height Rz by a factor of 2.3 
for front-side ablation. In addition, the plasma treated substrates feature a better spot contour accuracy. In 
contrast to pure laser ablation, the plasma treatment allows the single pulse rear-side ablation of fused 
silica at 193 nm for the given setup. 
In conclusion, the plasma treatment allows the use of cost-efficient lasers for micro structuring of 
fused silica. The presented method could be used for shortening the station times and leads to an increase 
of ecological efficiency due to the energy economisation and abandonment of chemicals compared to 
other methods such as micro lithography and LIBWE. Thus, by laser plasma hybrid technology, the 
productivity can be increased, since this time-saving method leads to better processing results as shown 
by the presented results for both the peak-to-valley height Rz and the spot contour accuracy.  
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